Abstract-This paper presents a method for squirrel-cage induction motor parameter estimation using a phase-to-phase standstill variable frequency test. The measured resistance and reactance at different frequencies are the data of the minimization error function to be minimized for single-and double-cage model parameters estimation. It is observed that the single-cage model is unable to fit the measured data for frequencies above several tenths of Hertz, whereas the double-cage model fits the measured data accurately in all the frequency ranges (from 0 to 150 Hz). The single-and doublecage estimated parameters are validated by comparison with data from two additional tests: 1) steady-state torque and current measurement test at different speeds; and 2) dynamic free-acceleration test. Again, the agreement between measured and predicted torque (in the first test) and current (in both tests) is satisfactory only for the double-cage model.
I. INTRODUCTION

I
NDUCTION motor parameter estimation is an important topic in the electric drive literature because controller performance depends on the accuracy of the motor parameters used by the control algorithm. The usual method for squirrel-cage induction motor parameter estimation is based on no-load and locked rotor tests [1] . Many papers have been published on the single-cage model parameter estimation using steady-state, variable frequency and transient tests data [2] . Most variable frequency tests are carried out by supplying only two phases of the stator (namely, phase-to-phase tests) with a variable amplitude and variable frequency sinusoidal voltage source when the rotor speed is null, resulting in the so-called standstill frequency response (SSFR) tests (see Fig. 1 ). These tests may use a controlled voltage source with tunable frequency or the pulse width modulation (PWM) voltage waveform supplied by a drive inverter. As the torque in a phase-to-phase test is null, the SSFR test can be conducted during maintenance periods, when impact on plant operations is minimal. [3] proposes a phase-to-phase test using the PWM inverter at two different frequencies to determine the single-cage model parameters. In [4] , an SSFR test for derivation of single-cage model parameters is conducted and the influence of skin and proximity effects on the rotor resistance is The authors are with the Department of Electrical Engineering, School of Industrial Engineering of Barcelona, Universitat Politècnica de Catalunya, 08028 Barcelona, Spain (e-mail: lluis.monjo@upc.edu; kojooyan@iiau.ac.ir; corcoles@ee.upc.es; pedra@ee.upc.es).
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Digital Object Identifier 10.1109/TEC.2014.2362964 discussed. [5] proposes and compares a method with three other methods. Despite the good agreement obtained with steadystate measurements, the comparison with free-acceleration test data shows poor accuracy, which is attributed to saturation. [6] proposes a frequency response test to determine the electrical parameters of an induction wind generator. [7] puts forward an automatic procedure for single-cage model parameter estimation. [8] uses the SSFR to estimate the induction machine parameters with a genetic algorithm and its application to torque control. Finally, [9] deserves a special interest because it focuses on double-cage model parameter estimation with an SSFR test. The paper presents and compares the single-and double-cage model predictions when their parameters are estimated using SSFR measurements. Also, the steady-state torque-and currentspeed curves predicted by both models are compared with those measured in the laboratory. Finally, the Park-transformed currents measured in a free-acceleration test are compared with those predicted by the double-cage model. Fig. 2(a) shows the equivalent circuit of the single-cage model. This circuit has five different parameters. However, it 0885-8969 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
II. INDUCTION MOTOR MODEL
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. is well established that only four are independent [10] . Hence, a relation between the parameters must be imposed, typically X sd = X rd [11] . Fig. 2(b) illustrates the equivalent circuit of the double-cage model. This model has seven parameters, but only six are independent [11] . In this case, the relation X sd = X 2d is chosen. The literature typically considers that X 1d and R 1 represent the inner cage, which has a predominant effect near rated speed, whereas X 2d and R 2 represent the outer cage, which has a predominant effect near zero speed.
The circles in Fig. 3 represent the steady-state torque and current of two ABB medium size motors measured by the manufacturer (the catalogue data are shown in Table I ). Table II contains the single-and double-cage model parameters estimated from the previous manufacturer measurements. The curves predicted by both models are also plotted in Fig. 3 . As expected,the double-cage model exhibits good agreement between measurements and predictions while the single-cage model provides accurate results only between synchronous speed and the point of maximum torque. This figure shows clearly that the squirrelcage motor must be represented with the double-cage model [12] - [14] .
It is worth noting that the predicted currents of the singlecage model in Fig. 3 are nearly constant for large values of slip (s > 0.8) while in the double-cage model they increase monotonically with the slip increase.
III. SIMULATED TREND OF THE MODELS' IMPEDANCE WITH FREQUENCY
The per-phase equivalent impedance of the single-cage model in Fig. 2 (a) at zero speed and stator frequency f is
The impedance of the double-cage model in Fig. 2 (b) at zero speed and stator frequency f is
If the stator frequency f is different from rated (f N ) and the machine reactances have been initially calculated at rated frequency, they must be corrected to be used in (1), (2)
In the rest of the paper, the resistance R( f ) and the reactance X( f ) will be the real and imaginary part of the per-phase machine equivalent impedance
The evolution of R( f ) and X( f ) for the single-and doublecage models of motor #2 (see Table II ) when frequency varies from 0.5 to 150 Hz is simulated and shown in Fig. 4 . Fig. 4 (c) illustrates a vertical zoom of the R( f ) resistance curves of both models. From this figure, two important features are evident: 1) the resistance curves of both models exhibit identical behavior in the low frequency range; 2) the resistance curve of the single-cage model is nearly constant at high frequencies (150 Hz) while the curve of the double-cage model continues increasing.
The limit value of R single-cage at high frequencies obtained from the real part of (1) is
This result proves that the single-cage machine resistance is nearly constant at high frequencies.
IV. LABORATORY TESTS
Three different squirrel-cage induction motors (motors #3, #4, and #5 in Table I ) were tested in the authors' laboratory. The test setup consisted of the following parts: 1) loading machine and speed controller (dc machine and dc adjustable speed drive); 2) torque transducer mounted on the motor axis and speed and current sensors; 3) variable three-phase source; 4) induction motor.
To estimate and validate the parameters of the squirrel-cage induction motor, three different tests were performed: 1) phase-to-phase SSFR test at a rated current; 2) steady-state three-phase test at rated frequency and constant reduced voltage and at different speeds (TIS);
3) free-acceleration test at rated frequency and constant reduced voltage. The test purposes and variables are summarized in Table III . As the steady-state currentat a given large slip is several times rated, the machine temperature rises if the machine continuously operates at such large slip. As a consequence, the winding resistance increases. For this reason, the steady-state measures in Fig. 3 were taken by assuring that the stator resistance was keep constant. It is assumed that keeping constant the stator resistance also keeps constant the rotor resistance. This fact is not very important in the free-acceleration test, because the large starting currents are vanished within a few milliseconds.
A. Saturation Influence Elimination
To avoid the leakage reactances saturation influence [15] and successfully compare SSFR measurements with TIS and freeacceleration tests measurements, special attention must be paid to the stator currents because the leakage reactances saturation depends on their currents. As similar current values result in similar saturation levels, the next restrictions have been imposed to the supplied voltage and currents in these tests.
1) SSFR test:
The stator current at any frequency was fixed to the nominal current (so, the stator voltage at any frequency was different).
2) TIS and free-acceleration tests:
The stator voltage at any test was fixed to the reduced voltage that produces the nominal current at zero speed (so, the stator current at any test was different). 
B. Measured Tests Normalization to the Rated Voltage
Torque and current were prorated to rated voltage to make the different tests comparable (6) where U N is the nominal value.
V. SSFR TEST
The circuit in Fig. 2 also represents the direct sequence circuit of the motor. The inverse sequence circuits are identical, but the slip s is replaced in both circuits by the term (2 − s). The direct, Z d , and inverse, Z i , impedances match up at zero speed, as
As justified in the Appendix, the motor impedance at slip s when only two phases are supplied (namely, phases A and B) is
As the speed is null and only two phases are supplied the (7) and (8) give the test impedance Z SSFR
From this point of the paper, we recall Z measured as Note that Z measured matches up with the phase impedances of the circuits in Fig. 2 .
A. Calculation of the Measured Impedance
The instantaneous voltage and current are measured for each frequency
The SSFR impedance, resistance and reactance for each frequency are calculated as follows:
Lastly, the measured impedance, resistance and reactance are calculated as
B. Least-Squares Algorithm for Parameter Estimation
The analytical phase resistance and reactance of the models depend on the machine parameters x
with x single-cage = (R s , R r , X sd , X m ) for the single-cage model (restriction X sd = X rd is used) and x double-cage = (R s , R 1 , R 2 , X sd , X m , X 1d ) for the double-cage model (restriction X sd = X 2d is used). The error functions are defined as
and finally the parameters are estimated by solving the minimization problem by using the Matlab function lsqnonlin [16] min {F (x)} = min 
where N is the number of measured frequencies. Note that all estimated parameter must be positive.
C. Estimation Results Analysis
Figs. 5 and 6 summarize the laboratory data obtained with the SSFR test for motors #3, #4 and #5 in Table I . These data, computed as explained in (11)- (13), give the resistance, R(f), (with triangles) and reactance, X(f), (with circles) in each case. From these data and following the steps in Section V-B, it is possible to estimate the single-and double-cage models parameters. The obtained parameters are in Table IV. As said previously, the single-cage model is expected to be unable to explain the resistance behavior as a function of the frequency because of the skin effect (see Fig. 4 ). For this reason, a successful estimation of the single-cage model parameters requires the use of only the low frequency data. The unused data in Fig. 5 are shaded. The resistance and reactance predicted from the estimated parameters is plotted with dashed dark lines. As expected, the single-cage model does not fit the high frequency data.
On the contrary, a good fit of the measured data and predictions from the estimated parameters is obtained by considering the double-cage model, as can be seen in Fig. 6 where high frequency data has also been used in the estimation procedure.
VI. TIS TEST
Torque and current tests are measured at different speeds in the range s = 1 to s = 0 (TIS tests) for experimental validation of the previous estimated parameters. The measurements in Figs. 7 and 8 are obtained. Another set of parameters for the doublecage model is also estimated from these test data. Torque and current Γ measured (ω k ), I measured (ω k ) measurements are made at different speeds, ω k , for a reduced three-phase voltage. 
A. Least-Squares Algorithm for Parameter Estimation
Using the analytical expressions of the torque and current at different speeds from [11] , we obtain
(17) with x single-cage = (R s , R r , X sd , X m ) for the single-cage model (restriction X sd = X rd is used) and x double-cage = (R s , R 1 , R 2 , X sd , X m , X 1d ) for the double-cage model (restriction X sd = X 2d is used). The error functions are defined as
Finally, the parameters are estimated by solving the minimization problem by using the Matlab function lsqnonlin [16] min {F (x)} = min
where N is the number of measured points. Again, all estimated parameter must be positive.
B. Estimation Results Analysis
The results in Table IV were validated by comparing the predicted torque-and current-slip curves with those obtained in the laboratory (TIS tests). The circles in Figs. 7 and 8 represent the torque and stator current measured at different speeds and reduced constant voltage and rated frequency for the three tested motors. With these parameters, the predicted torque-and current-slip curves are plotted in Fig. 7 for the single-cage model, and in Fig. 8 for the double-cage model (with dark lines). Note that the curves predicted by the single-cage model do not fit the torque and current measurements whereas good accuracy is obtained with the double-cage model.
A new set of estimated parameters (see Table V ) is obtained for the single-and double-cage models using the procedure in Section VI-A with the TIS test. With these parameters, the resistance and reactance frequency response, and the steadystate torque-and current-slip curves can be obtained for the single-and double-cage models. The results are plotted in grey lines in Figs. 5-8. As expected, only the double-cage model results fit well with the measurements. Fig. 8 shows that even in the case of small-size motors, like motor #3, the double-cage model is necessary to correctly fit the experimental data. For large-and medium-size motors, the double-cage effect is more important, as can be observed in Fig. 3 . As a consequence, it is expected that the single-cage model will be also unable to predict measured data for largeand medium-size motors.
VII. FREE-ACCELERATION TEST
The ability of the estimated double-cage parameters to predict the measured dynamic motor behavior is checked with a freeacceleration test. The Park-transformed stator currents (in the synchronous reference frame) obtained from laboratory measurements are compared with those obtained from simulations.
The free-acceleration test consists of feeding the unloaded motor at a reduced voltage from standstill until steady state is reached. The electrical and mechanical parameters that characterize the test are included in Table VI . Fig. 9 shows the Park-transformed currents during the freeacceleration test. As can be seen, there is a good agreement between simulated and measured currents. The reason for this can be found in the excellent predictions of the steady-state current and torque in the whole speed range in Fig. 8 .
VIII. CONCLUSION
The paper proposes a method for squirrel-cage induction motors parameters estimation from the stator voltage and current measured in a phase-to-phase SSFR test. The study shows that the measured equivalent resistance increases with frequency due to the skin effect. This effect only can be predicted by the double-cage model as the equivalent resistance predicted by the single-cage model remains almost constant with frequency.
The main contribution of the paper is the agreement between the measurements and the values predicted from the double-cage model parameters estimated by the SSFR test. The predicted values were compared with real measurements in two tests: 1) the steady-state torque-and current-slip curves, and 2) the dq-transformed currents in a free-acceleration test. Moreover, it was demonstrated that the resistance-frequency curve is not well fitted by the single-cage model. The inability of the singlecage model to fit the resistance-frequency curve explains the predicted torque-and current-speed curve errors. 
As the neutral current is null, I 0 = 0, then
From ( 
